Haplotypes, combinations of polymorphic markers in a chromosome, are critical for genome diversity research. However, their utility in population samplings is compromised by uncertain linkage phase determinations from unrelated individuals. Molecular haplotyping accomplishes direct phase determination by generation of hemizygous templates from diploid genomic samples. We report molecular haplotyping by allele-specific long-range PCR of two markers 9.5 kb apart at the CD4 locus: a bi-allelic Alu deletion and a multi-allelic repeat. We verified CD4 molecular haplotypes by classical Mendelian analysis. Molecular haplotyping should prove useful in mapping disease genes and in establishing founder effects.
Linkage disequilibrium mapping is now recognized as an important tool in the positional cloning of disease genes (1) and applications will become even more numerous as complex phenotypes are dissected genetically (2) . Linkage disequilibrium can also be used to trace population ancestries and establish founder effects for disease genes (3) . Highly polymorphic short tandem repeat (STR) markers (4) yield the most informative haplotypes for linkage disequilibrium, but ambiguous linkage phase in a population sample compromises their value. For many populations of medical and anthropological interest, family material may be unavailable or inadequate to allow phase determination. Hence, there is a pressing need for haplotyping methodologies which could establish linkage phase from an individual genomic DNA sample by strictly molecular means.
Since 1989, we have investigated methodology for molecular haplotyping using either single molecule dilution (SMD) of genomic DNA to separate alleles physically (5) or allele discrimination by allele-specific PCR primers to amplify selectively hemizygous DNA segments from a heterozygous template (6, 7) . However, these methods were developed for short (∼500 bp) segments only. Here, we apply the discrimination afforded by allele-specific primers to a molecular haplotyping assay based on long-range PCR (8) for markers 10-20 times farther apart (∼10 kb) than attempted before. We have used the CD4 locus as a prototype system for development of this assay. 2 , 0.02 U/µl rTth DNA polymerase and 50 ng genomic DNA, in 100 µl 1× XL Buffer (Perkin Elmer). PCR conditions included an initial denaturation step at 94_C for 60 s, and cycling between 94_C for 15 s and 65.2_C for 9 min, 30 times, followed by a 10 min, 70_C polishing step. PCR amplification of the STR from allele-specific amplification products was performed as in Figure 2B except that 2 µl of allele-specific amplification product was substituted for genomic DNA and reactions were cycled 10 times rather than 30.
The CD4 locus haplotype consists of two non-expressed markers 9.5 kb apart: a bi-allelic polymorphism involving partial deletion of an Alu element (9) and a multi-allelic pentanucleotide STR (10) . While the Alu deletion is primarily associated with the 90 bp STR allele in non-African populations, both Alu alleles are associated with several STR alleles in Sub-Saharan African populations leading to a large number of double heterozygotes of unknown phase (11) .
For the non-deleted or 'intact' Alu element, an allele-specific oligonucleotide, Int-ASO, was designed to extend specifically the intact allele (Fig. 1) . For the partially deleted Alu element, a 'deletion' oligonucleotide, Del-ASO, was designed to extend specifically the deletion allele. The 5′ end of both ASOs is complementary to the non-Alu genomic sequence downstream of the deletion site. Specificity of Int-ASO is achieved by having its 3′ end complementary to Alu sequence only present in the 'intact' allele but absent in its 'deletion' counterpart. Specificity of Del-ASO is achieved by having its 3′ contiguous to its 5′ end only in the 'deletion' allele but interspersed by Alu sequence in its 'intact' counterpart.
We used a small nuclear family (CEPH family 1331) to derive CD4 haplotypes by classical and molecular means. In combination with the family structure the individual genotypes for the Alu and STR ( Fig. 2A and B) allows the haplotypes to be reconstructed unambiguously (Fig. 2C) . Molecular haplotyping using allele-specific long-range PCR was attempted in the same pedigree (Fig. 3) . The allele specificity of the 9.5 kb reaction product confirms the genotypes. No product is obtained for Del-ASO in mother (02) and daughter (07), who are homozygous for the intact allele (Fig. 3A) . Father (01) and son (04) yield product with both ASOs as expected from their heterozygosity at the Alu site. The lower yield of Int-ASO product may be due to annealing of the ASO to other Alu repeats. The allele-specific long-range PCR products were used as templates for amplification of the STR. Results corroborate the specificity of the allele-specific PCR (Fig. 3B) and establish phase since a single STR allele is amplified from each allelic PCR template. The molecular haplotyping results are identical to those derived from pedigree analysis (Fig. 2) .
We had been concerned that long range PCR may not preserve intact the linkage phase of distant markers due to well known template jumping artifacts introduced by Taq DNA polymerase (from Thermus aquaticus) (12) . For the CD4 haplotype such artifacts do not occur. Clear results were obtained for doubly heterozygous sub-Saharan Africans molecularly haplotyped for CD4 (11) (Fig. 4) . The combination of rTth (from Thermus thermophilus) and Vent (from Thermococcus litoralis) DNA polymerases used for long-range PCR may minimize template switching as a result of the enzymes' joint proofreading capability and processivity (8) . It should be possible to extend molecular haplotyping to distances up to 40 kb. Beyond that, the integrity of the genomic DNA template is usually compromised by shearing during collection and extraction. The presence of only one STR allele in the second reaction serves as a control that the allele-specific primers did amplify from only one chromosome without template jumping.
A molecular haplotyping approach similar to our CD4 work could be based on different kinds of polymorphic markers. Alu insertion polymorphisms (13) as well as bi-allelic single base pair polymorphisms could also serve as anchoring sites for molecular haplotyping. Single base pair differences may not have the robustness of an insertion/deletion polymorphism but separate analysis using each of the two allele-specific primers will serve as mutual confirmations as illustrated at the CD4 locus in Figure 4 .
As the number of polymorphic markers in a region is increased, there will be a larger array of possible haplotypes. Molecular haplotyping will allow characterization and discrimination of the many configurations of markers. Molecular haplotypes derived from markers of different structure, mutation rate and heterozygosity in regional or ethnic populations will provide a rich source of data for many endeavors. We expect studies of disease predisposition (14) and candidate gene associations (15) to benefit substantially from molecular haplotyping. The ability to isolate hemizygous DNA segments readily from heterozygous genomes via molecular haplotyping will provide the accuracy necessary in these diverse applications.
